Individuals with chronic HIV-1 infection can become infected with additional strains of HIV-1 upon sexual exposure [1] . In some high-risk populations, such superinfections occur at a rate approaching that of primary infection, calling into question the ability of virus-elicited immunity to prevent further infection [2] [3] [4] [5] . This question has been directly investigated in a comparison of neutralizing antibody activity in plasma of superinfected and singly infected women from Mombasa, Kenya [6, 7] . In that study, no significant differences were found in the breadth or potency of HIV-1-specific neutralizing antibody responses between the singly and superinfected women in specimens obtained just prior to the time of superinfection. Further investigation in this same cohort of women found that cellular immune responses, measured by the frequency of HIV-1-specific cytokine-producing or cytolytic CD8+ or CD4+ T cells were not significantly associated with the odds of superinfection [8] .
To explore further the possible role of immunity induced by the initial infection on acquiring a second infection, we measured antibody-dependent cell-mediated virus inhibition (ADCVI) activity in plasma from the Mombasa cohort. ADCVI is a measure of Fcγ receptor (FcγR)-mediated antiviral activity and occurs when antibody bound to virusinfected target cells engages FcγR-bearing effector cells, such as natural killer cells, monocytes or macrophages. The virus inhibition that results is due in part to target cell death (antibody-dependent cellular cytotoxicity [ADCC] ) and in part to non-cytolytic mechanisms such as β-chemokine release from the effector cells. ADCVI antibody activity has been associated with protection from lentivirus infections in macaques [9] . In addition, higher ADCVI activity in serum from healthy individuals vaccinated with recombinant gp120 in the Vax004 trial was associated with a lower rate of sexually acquired HIV infection [10] .
The cohort of subjects for this study has been described in detail elsewhere and consisted of 12 women with superinfection (cases) and three singly infected women matched to each superinfected case (controls; n = 36) according to HIV-1 subtype, timing of samples in relation to initial infection, and viral load [6, 8] . The median estimated time between sample collection and superinfection was 102 days (range range 13 -573). All subjects were from Mombasa, Kenya and were infected through heterosexual contact; none used antiretroviral therapy during the study period. Women were classified as superinfected or singly infected based on phylogenetic analyses of env and gag sequences. The ethical review committees of the University of Nairobi, the University of Washington, the Fred Hutchinson Cancer Research Center, and the University of California, Irvine approved this study.
Because subtype A is the major subtype in the population [11] , two subtype A HIV-1 variants were used to infect target cells for the ADCVI assays. The two replicationcompetent viruses were derived from proviral clones that were isogenic in all genome regions except envelope. Q23XhoΔXho is a full-length molecular clone obtained from a sexually-infected woman at 142 days post-infection, and the BS208.B1 chimeric provirus was generated from Q23XhoΔXho by replacing the envelope with one derived from a vertically-infected infant at the first time of documented infection (6 weeks of life) [12] . These strains were chosen from a panel of clade A molecular clones based on their ability to grow well in our CEM.NKR-CCR5 target cells. In addition, ADCVI results using the Q23XhoΔXho and BS208.B1 strains correlated well with results using other strains, and thus was felt to be the most representative (data not shown).
The ADCVI assay has been described previously [10, 13] . Briefly, target cells, consisting of CEM.NKR-CCR5 cells (NIH AIDS Research and Reference Reagent Program), were infected with either of the viral strains for 72 hours and then washed to remove cell-free virus. Next, effector cells (PBMCs from healthy donors) and a 1:100 dilution of test plasma from cases or controls were added to the infected target cells. The effector:target ratio was 10:1. After three days, supernatant fluid bathing the target and effector cells was replaced with fresh medium after washing 5 times. After an additional 4 days (total of 10 days after infecting target cells), the supernatant fluid was assayed for p24 by ELISA (Zeptometrix, Minneapolis, MN). The percent virus inhibition was calculated by comparison with negative control samples as previously described. The ADCVI assay was conducted with two different PBMC effector cell donors for each virus strain. Thus, a total of four different donors were used; for each donor, the ADCVI assay was run in triplicate and mean percent virus inhibition is reported.
Plasma ADCVI antibody activity ranged from 0 to >95% irrespective of virus strain or effector cell donor. Although absolute ADCVI activity for each virus differed between experiments with different effector cell donors, there was a strong correlation between the results from the two individual donor effector cells when assayed with the same virus (Spearman rho = 0.8; p <0.0001 for both viruses; figure 1) . Thus, despite effector cell donor-to-donor variability, the relative antibody activity of plasma stayed similar in repeated assays.
These results demonstrate the marked variability in the ADCVI antibody response among infected individuals. We have shown previously that vaccination of healthy individuals with recombinant gp120 also elicits a wide range of ADCVI antibody responses [10] . Although the factors underlying this variability are not clear, Fc-FcγR interactions, which are required for ADCVI, are highly dependent on IgG subclass and on the pattern of Fc glycosylation. Thus, genetic or environmental factors that determine IgG subclass responses to infection and vaccination and that influence Fc glycans are likely to be important.
We compared ADCVI activity, as a continuous variable, between superinfected cases and singly infected controls. For target cells infected with the BS208.B1 virus, cases did not differ from controls in either of the two experiments using different effector cell donors (p = 0.98 and p = 0.48; Friedman test; figure 2A) . Similarly, there were no differences between cases and controls in either of the experiments against target cells infected with the Q23XhoΔXho virus (p = 0.17 and p = 0.61; Friedman test; figure 2B).
We had previously shown that individuals with the highest quartile of ADCVI responses (≥90% virus inhibition) to recombinant gp120 vaccination in the Vax004 trial had almost ½ the infection rate as those in the lowest quartile [10] . Therefore, we conducted separate analyses using ADCVI data bifurcated at 90%, 80% or 70% virus inhibition. We also quartilized virus inhibition. In all of these Generalized Estimating Equations logistic models, there was no association between ADCVI activity and the odds of a superinfection (data not shown).
These results indicate that the ADCVI antibody response to a primary infection with HIV-1 may not prevent infection after exposure to additional strains. Of particular note, three of the 12 superinfected women had high ADCVI activity (ranging from 82 to >99% virus inhibition) against both viruses tested. Because a study of this size required that we use heterologous virus as a surrogate for measure of protective ADCVI responses, it remains possible that the viruses that established superinfection were not recognized by the relatively potent heterologous responses that we measured. We also cannot rule out the possibility that some of the women who were not superinfected do, in fact, have effective immune responses against strains that were successfully inhibited. In addition, in vivo ADCVI activity depends on the presence of well-functioning FcγR-bearing effector cells presumably at or near sites of exposure. We did not measure effector cell function in this cohort, and individuals who are chronically infected are likely to have defects in FcγR-mediated immune functions [7] [14] [15] [16] . Thus, despite broad and potent ADCVI antibody activity, anti-viral activity might be ineffective in vivo. Nonetheless, our results, together with those from some [6, 8, 17] but not other studies [18, 19] provide further evidence that immunity engendered by a primary HIV infection may do little to prevent a subsequent infection upon sexual exposure to another strain. Correlation between ADCVI assays run on separate days with different effector cell donors. Plasma samples were tested against CEM.NKR-CCR5 cells infected with either HIV-1 BS208.B1 (A) or HIV-1 Q23XhoΔXho (B) on two separate occasions and with different effector cell donors. Data are shown as logit-transformations of mean % virus inhibition. ADCVI activity for each subject (represented by a unique symbol and line) with each effector cell donor is also shown (C). Each plasma sample was run in triplicate each of the four assays depicted. Association between ADCVI antibody activity and superinfection status. Plasma samples were tested at a dilution of 1:100 against CEM.NKR-CCR5 cells infected with either HIV-1 BS208.B1 (A) or HIV-1 Q23XhoΔXho (B) in two separate experiments and with different effector cell donors. Each plasma sample was run in triplicate each of the four assays depicted. There are no significant differences between superinfected subjects (cases) and singly infected subjects (controls).
